A Primer on Vesicle Budding  by Springer, Sebastian et al.
Cell, Vol. 97, 145±148, April 16, 1999, Copyright 1999 by Cell Press
A Primer on Vesicle Budding Minireview
How do vesicular coats form on the donor membrane?Sebastian Springer,* Anne Spang,*
and Randy Schekman*²³ Do cargo proteins influence this process? Recent work
*Department of Molecular and Cell Biology and on the exchange of proteins between the endoplasmic
²Howard Hughes Medical Institute reticulum (ER) and the Golgi apparatus in Saccharo-
University of California myces cerevisiae and higher eukaryotes suggests that
Berkeley, California 94720 all three requirements for functional vesicle budding
could be regulated in a single mechanistic step, the
formation of a ªpriming complexº of a small GTPase, a
Transport vesicles carry lumenal and membrane cargo membrane protein, and a coat subunit (Figure 1).
proteins between secretory organelles in eukaryotic
To Begin: Recruit a GTPase
cells. To make such a vesicle, cytosolic coat proteins
to the Donor Membrane
assemble on a donor membrane and deform it into a
COPII (coat protein complex II)±coated vesicles trans-bud. Cargo proteins are sorted into the originating vesi-
port proteins from the ER to the Golgi. The COPII coatcle, which then separates from the donor membrane,
consists of the small GTPase Sar1p and the heterodi-travels a certain distance, and finally fuses with the ac-
meric protein complexes Sec23/24p and Sec13/31pceptor organelle.
(Barlowe, 1998). These five proteins are necessary andAt the time of vesicle budding, three specific require-
sufficient to produce COPII vesicles from ER micro-ments have to be fulfilled in order to produce a functional
somes (Barlowe et al., 1994) and from chemically definedvesicle. First, different vesicular transport processes are
liposomes (Matsuoka et al., 1998).mediated by different coat protein complexes, and
Proteins can also be recycled to the ER from the cis-therefore a donor membrane must attract the correct
Golgi via a backward, or retrograde, route. Such proteinsspecies of cytosolic coat proteins. Second, a transport
include ER residents that have escaped ER retention,vesicle needs to be equipped with certain membrane
and functional components of COPII (ªanterogradeº)proteins that have essential tasks at a later stage.
vesicles that return to participate in another round ofv-SNAREs, for example, are required for fusion with the
COPII vesicle formation. Retrograde vesicles are coatedacceptor membrane (reviewed by Nichols and Pelham,
with the COPI coat (Cosson and Letourneur, 1997;1998). These proteins must be included into the vesicles
Gaynor et al., 1998), which consists of the small GTPasewith high fidelity. And third, cargo proteins have to be
recognized and included into the originating vesicles. ARF (in S. cerevisiae, Arf1p and/or Arf2p) and coatomer
Figure 1. Model for General Mechanism of
Transport Vesicle Budding
Initially, a small GTPase is recruited to the
donor membrane by its cognate guanine nu-
cleotide exchange factor (GEF). It binds to
the membrane in its GTP state (top panel).
Next, an incoming coat component (in blue,
depicted as a dimer containing a GTPase-
activating protein, GAP) recognizes both the
GTPase and a membrane protein (e.g., a
v-SNARE) that acts as a primer (P, yellow) to
form a priming complex. Then, priming com-
plexes associate laterally and more coat pro-
teins are bound. Cargo proteins (C) diffuse
into the budding site and become trapped by
their interactions with the coat. GAP proteins
in the coat may become activated and stimu-
late the GTPases to hydrolyze GTP. This may
occur both before and after the budding of
vesicles, allowing the GTPases to dissociate
into the cytosol and recycle for another round
of coat and cargo capture. Finally, the mem-
brane deforms into a coated bud, giving rise
to a vesicle. Details are supplied in the text.
³ To whom correspondence should be addressed (e-mail:
schekman@uclink4.berkeley.edu).
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(coat protomer), a preassembled complex of seven sub- liposomal membranes, Sec23/24p must be able to rec-
ognize Sar1p as well as the cargo protein domains. Suchunits.
a dual mode of Sec23/24p binding has indeed beenFor both COPI and COPII systems, the sequence of
observed in vitro in a complex of Sar1p, Sec23/24p, andsteps in coat formation has been determined by order-
the ER-to-Golgi v-SNARE Bet1p. In this complex, Sec23/of-addition experiments on isolated donor membranes
24p simultaneously contacts Sar1p-GTP and Bet1p inand on defined liposomes (Palmer et al., 1993; Matsuoka
a cooperative manner (Springer and Schekman, 1998).et al., 1998; Spang et al., 1998). In both cases, the small
Thus, in both COPI and COPII vesicular coat systems,GTPase binds to the membrane first: Sar1p to the ER,
there is evidence for an initial complex where an incom-and ARF to the cis side of the Golgi. Initially, these
ing coat component (Sec23/24p in COPII, coatomer and/GTPases are complexed with GDP. Binding of GTP
or ARF GAP in COPI) recognizes a small GTPase in itsis stimulated by guanine nucleotide exchange factors
GTP state together with a membrane protein that will(GEFs), which reside in the donor membranes: Sec12p
subsequently be included into the vesicles. Various(for Sar1p) is a transmembrane protein of the ER, and
membrane proteins may be able to nucleate vesicularGea1p and Gea2p (for ARF; see the minireview by Roth
coats in this manner. These proteins may be destined[1999] in this issue of Cell) are soluble proteins which
for unidirectional transport (classical secretory cargoare probably bound to the cis-Golgi. In their GTP-bound
proteins), or they may cycle between compartmentsstate, ARF and Sar1p associate with the donor mem-
(e.g., SNAREs); we will refer to these proteins as ªprim-brane.
ersº of coat assembly, and to the initial complexes ofNext: Assemble a Priming Complex
primer, GTPase, and coat component as ªpriming com-Once bound to the membrane, the GTPase in its GTP
plexesº.state is required to attract the remaining coat subunits
Finally: Form a Polymeric Coat(reviewed by Schekman and Orci, 1996). In this step,
Once priming complexes are established, they associ-membrane proteins of the donor membrane play an ac-
ate to form a larger, polymeric coat on the donor mem-tive role. Two such interactions between membrane pro-
brane. This could occur by the binding of further compo-teins and the vesicular coat have been demonstrated
nents that cross-link the priming complexes; indeed, itfor COPI. First, the mammalian KDEL receptor (KDELR;
has been suggested that Sec13/31p may function in thisthe yeast homolog is Erd2p) recognizes Golgi-lumenal
manner (Schekman and Orci, 1996). Otherwise, associa-proteins that are destined for retrieval to the ER. KDELR
tion may occur simply by induced proximity, such thatthen recruits ARF1 GAP, a GTPase-activating protein for
coat subunits with a low binding affinity for each otherARF1, to the cis-Golgi membrane, where it also interacts
can oligomerize only when they are restricted to thewith ARF (Aoe et al., 1998). The ARF GAPs are likely to
membrane plane; or coat components may alter theirbecome part of the COPI coat; this has been demon-
conformation when they recognize primer proteins, andstrated for one of the S. cerevisiae ARF GAPs, Glo3p
thus develop a higher affinity for each other (Reinhard(Poon et al., 1999). The second interaction has been
et al., 1999). As coat protein complexes on the donorfound with membrane proteins that are retrieved from
membrane grow, other cargo proteins may diffuse intothe Golgi to the ER due to the C-terminal KKXX (or
them and become captured by interaction with the coat.KXKXX) motifs in their cytosolic tails (reviewed by Cos-
At this point, membrane or lumenal secretory proteinsson and Letourneur, 1997). Coatomer binds to these
that cannot themselves interact with the vesicular coatmotifs in an ARF-independent fashion. In parallel, the
may also become included in the vesicle budding siteb-subunit of coatomer interacts with membrane-bound
if they are recruited by a protein that binds to the coat.ARF. Consistent with this finding, on liposomes made
Finally, in the last stage, the polymerized coat deformsfrom neutral phospholipids, the presence of both ARF
the membrane, and a vesicle buds off. No additionaland KKXX-containing cytosolic tails is required for coat-
cytosolic or membrane proteins seem to be required for
omer to bind (Bremser et al., 1999, and references
this step to occur in vitro from isolated donor mem-
therein). These findings indicate that coatomer recog-
branes or defined liposomes (Matsuoka et al., 1998;
nizes a dual binding site composed of ARF-GTP and Spang et al., 1998), but if and how this step is regulated
KKXX tails on the cis-Golgi membrane, just as ARF1 in vivo remains unknown.
GAP likely interacts with both ARF-GTP and KDELR. Priming Complexes Regulate Coat Assembly
To generate ER-to-Golgi vesicles, the COPII protein The findings outlined above lead us to suggest a model
heterodimers Sec23/24p and Sec13/31p bind sequen- of vesicle formation in which the priming complex plays
tially to the donor membrane. Here, too, various mem- the central role. Formation of the priming complex may
brane cargo proteins interact with the incoming coat direct the coat proteins to the donor membrane, include
component (Sec23/24p). These include members of the v-SNAREs into vesicles, and sort cargo into the budding
p24 family of putative cargo receptors (in both yeast site.
and humans), the lectin ERGIC-53/Emp47p, and the ve- First, priming complexes can provide for the spatial
sicular stomatitis virus glycoprotein. No transplantable specificity of transport vesicle formation. The restricted
motif for COPII binding analogous to the KKXX motif in localization of GEFs (and thus, of GTPases in their GTP-
COPI has yet been identified, but C-terminal (Kappeler bound state) provides one spatial cue for coat protein
et al., 1997) or internal (Dominguez et al., 1998) dihydro- binding. The example of ARF demonstrates, however,
phobic sequences are required in some cases. Direct that this alone is not always sufficient. Besides its role
interactions between Sec23/24p and membrane pro- in (ER-directed) COPI vesicle budding at the cis side of
teins are most likely Sar1p-independent, but as Sar1p the Golgi apparatus, ARF also acts in the formation of
intra-Golgi COPI vesicles and clathrin-coated vesiclesis required for Sec23/24p binding to microsomal and
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at the trans-Golgi network (see minireview by Roth, GTP hydrolysis, and subsequent dissociation of ARF.
This hypothesis is testable because it predicts that1999). The combination of ER-directed primer proteins
and ARF, however, is found only on the cis-Golgi, and cargo molecules would alter the GTPase activity of ARF
in a coatomer- and ARF GAP±dependent manner. It isit is likely that through simultaneous recognition of both
ARF-GTP and primers, coatomer becomes bound in a tempting to speculate that in the COPII system similar
mechanisms might exist.priming complex, and COPI Golgi-to-ER transport vesi-
cles originate. Both COPI and COPII vesicles can be formed from
isolated Golgi or microsomal membranes in vitro, includ-Second, priming complexes may link the budding of
a vesicle to the incorporation of proteins that are essen- ing specific cargo selection (at least for COPII) (reviewed
by Schekman and Orci, 1996). In these experiments,tial for its travel or fusion. The direct binding of the
v-SNAREs Bet1p and Bos1p to Sar1p and Sec23/24p nonhydrolyzable analogs can substitute for GTP; thus,
GTP hydrolysis does not seem to be required. This doessuggests that these v-SNAREs can act as primers of
coat assembly on the ER (Springer and Schekman, not contradict the above model, as GTP hydrolysis need
not occur after priming complex formation; however,1998). This would guarantee their packaging into COPII
vesicles. If this particular priming reaction was essential liberating the GTPase as early as possible in the process
would allow it to engage in further rounds of coat andfor vesicle budding, no COPII vesicles could be formed
if no v-SNAREs were available. This hypothesis can be cargo capture. Current experimental systems may not
have detected this effect: so far, analyses of vesicletested experimentally, as the presence of SNAREs and/
or other primers in the ER membrane may be mandatory budding have measured the endpoint of the reaction
under conditions where the GTPases were added infor the formation of COPII vesicles.
Third, primer proteins may influence the activity of the saturating amounts. GTP hydrolysis and subsequent
dissociation from the membrane may make more effi-small GTPases, suggesting that vesicular transport may
be regulated by the transported proteins. At present, it cient use of the GTPases in vivo; therefore, in time-
resolved assays for the formation of transport vesicles,is unclear at which time point during the budding pro-
cess ARF and Sar1p hydrolyze their bound GTP. Al- such differences may become apparent at limiting con-
centrations of the GTPase. In the COPI system, purifiedthough GTP hydrolysis is required for the release of
ARF and Sar1p from the vesicular membranes and the ARF GAP would have to be included in the in vitro experi-
ments to observe an effect of GTP hydrolysis.subsequent uncoating of the vesicles (to allow fusion
with the target membrane), it could occur much earlier, In even simpler systems, coatomer and Arf1p for COPI
(Spang et al., 1998) and Sar1p, Sec23/24p, and Sec13/possibly even before the vesicle separates from the do-
nor membrane. This need not result in an early disas- 31p for COPII (Matsuoka et al., 1998) were the only
protein components needed to form coated vesiclessembly of the vesicular coat: COPII vesicles that are
produced from microsomes in the presence of GTP con- from chemically defined liposomes mimicking the phos-
pholipid composition of Golgi and ER membranes, re-tain no Sar1p, and yet they have a COPII coat that is
visible in the electron microscope (Barlowe et al., 1994). spectively. In these experiments, a requirement for
membrane proteins to act as primers may have beenThe fact that Sar1p is required to assemble, but not to
maintain, the COPII coat may be explained by the lateral overcome by the use of nonhydrolyzable analogs of
GTP, in which case the activated GTP-binding proteinassociation of the COPII subunits. Once bound in a
polymeric lattice, Sec23/24p and Sec13/31p may no and acidic phospholipids may prime the budding reac-
tion. Again, time-course experiments could serve to ex-longer need Sar1p to adhere to the vesicle; instead, their
interaction with primer proteins may be sufficient. In plore whether membrane proteins or their cytosolic tails
coupled to a lipid (Bremser et al., 1999) can stimulatecontrast, it is presently unclear whether the COPI coat
is stable without ARF. In a general model (Figure 1), such budding reactions.
Conclusioncapture of a cargo protein into a priming complex with
a small GTPase and a coat subunit leads to the lateral A basic scheme of transport vesicle formation is begin-
ning to emerge (Figure 1). Its central feature is the prim-association of priming complexes. The GTPase is then
no longer needed, and it is liberated from the priming ing complex: an association of a small GTPase, a primer
protein, and one or several other subunits of the vesicu-complex by GTP hydrolysis, stimulated by the bound
cargo (primer) proteins, and is available for further lar coat, including a GTPase-activating protein. Forma-
tion of this complex is coat- and membrane-specificrounds of coat and cargo capture. Primers may increase
GTP hydrolysis by directly interacting with the GTPase, due to the restricted overlapping cellular distributions
of primer proteins and GTPases in their GTP state; func-or indirectly by recruiting or stimulating a GAP. Intrigu-
ingly, GAPs have been found as components of priming tionally essential vesicle proteins may prove crucial as
primers for its nucleation; in the priming complex, coatcomplexes in both COPI and COPII systems: the primer
KDELR recruits ARF1 GAP to the cis-Golgi membranes proteins that recognize primers may change their con-
formation; and finally, the priming complex may decay(see above), and Sec23p, part of the heterodimeric com-
plex that directly binds to COPII primers, acts as a GAP after the GTPase is stimulated to hydrolyze GTP, giving
rise to free GTPase and a polymeric coat on the mem-on Sar1p (reviewed by Schekman and Orci, 1996). More-
over, in COPI, coatomer can act on ARF GAP to increase brane. The specific predictions that arise from this
model may also apply to the uptake of membrane pro-ARF's GTPase activity by three orders of magnitude
(Goldberg, 1999). Thus, formation of a priming complex teins into cellular transport vesicles with different coats,
such as clathrin at the trans-Golgi network and theof KDEL receptor, ARF, coatomer, and ARF GAP may
lead to a conformational change in coatomer, its lateral plasma membrane, or AP-3 in trans-Golgi network to
endosome traffic.association into oligomers in the membrane, stimulated
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